and charge impurity scattering [20] . With respect to SiO 2 and similar substrates, h-BN has favorable qualities like atomic flatness, modest screening and a homogeneous charge distribution. This should enable direct investigation of the adjacent TMD's intrinsic electronic structure and many-body effects. h-BN is often used as a substrate for graphene heterostructures [8, 20] with high device performance [21] and new exotic electronic states such as quantized Dirac cones [22] . Unfortunately, the lateral size of mechanically assembled heterostructures is usually on the order of ∼ 10 µm, much smaller than the beam spot of typical ARPES setups ( > ∼ 100 µm). Furthermore, sample charging on insulating bulk h-BN substrates would complicate ARPES experiments.
We overcome these challenges as follows. We realize a high quality 2D semiconductorinsulator interface by mechanical transfer of a relatively large (∼100 µm) SL WS 2 crystal over a thin flake of h-BN that was transferred onto a degenerately doped TiO 2 substrate, as depicted in Fig. 1 (a). Sample charging is avoided by electrically contacting the continuous SL WS 2 flake to both the h-BN and the conductive TiO 2 . Fig. 1(b) is an optical microscope image of the sample, including a ≈ 100 µm wide h-BN flake, surrounded by several transferred flakes of SL WS 2 on the TiO 2 substrate (WS 2 /TiO 2 ), one of which partially overlaps the h-BN.
By using a state-of-the-art spatially-resolved microARPES experiment with a 10 µm focused synchrotron beam spot, we are able to collect distinct high quality band structure information from the multiple micron-scale interfaces. A spatial map of the photoemission intensity around the WS 2 /h-BN heterostructure is shown in Fig. 1(c) , which was produced by integrating the intensity over the boxed region of the corresponding k-space band structure shown in Fig. 1(d Figure S1 . The slight intensity variations within the WS 2 /h-BN heterostructure arise from areas with pinholes introduced in the SL WS 2 during transfer, as sketched in Fig. 1(a) [23] . The sensitivity towards such features, which are not resolved by the optical micrograph, demonstrates the capability of identifying optimum sample areas directly in the ARPES experiment, which is critical for such complex, heterogenous samples.
The VB electronic structure through the entire first Brillouin zone (BZ) of the het-erostructure, including the SL WS 2 bands and the π-band dispersion of the underlying h-BN, is shown in Figs. 1(d) -(e). The data is collected from a single spatial point where the WS 2 features are most intense (white arrow in Fig. 1(c) ). Custom electrostatic deflectors mounted in the photoelectron analyzer enable full scans of k-space at exactly this position without any drift from sample motion. The BZ orientations and twist angle between the two materials are determined from the constant binding energy cuts shown in Figs. 1(f) -(h). From the relative orientation of the hole pockets, we estimate a twist angle of (23 ±
1)
• . The energy distribution curves (EDCs) in Fig 1(j)), in agreement with theoretical predictions [12] and previous experiments [23, 24] . The clear electronic states and lack of band hybridization reveal a weak interlayer interaction between the two materials. Similar to work on graphene/h-BN [22] , we expect these data to represent the intrinsic electronic structure of SL WS 2 with negligible substrate influence.
The impact of electron doping on the electronic structure via in-situ surface potassium deposition is shown in Fig. 2 A detailed evolution of the band extrema with increasing doping is shown in Fig. 3 (ae). The dispersions around the VBM as determined from EDC line shape analysis (see Supplementary Figure S6 ) are shown by dashed red curves and directly compared in panel (f). We estimate the charge carrier density, N , at each dosing step from the CBM position (see methods). These estimated doping levels are consistent with those achieved in similar experiments on bulk WSe 2 [25] and with the intensity of the potassium 3p core level (see Supplementary Figure S3 ).
From EDC peak positions atK (see Supplementary Figure S7 ), we extract the VBM and CBM energies as a function of dosing (panel (g)). After the first dosing step (N = (panels (g,h) ).
This leads to a corresponding change in the relative energy separation between E A and E B (panel (i)), implying that the energies of the A and B exciton lines also separate. The data points with different marker shape and color in panels (h,i) stem from separate doping experiments on the three different flakes studied in Fig. 2, Fig. 3 and in Supplementary Figure S8 . A reproducible trend is found across all flakes. Note also that in the carrier density range between 2 × 10 12 cm −2 and 1.0 × 10 13 cm −2 we find a more modest band gap renormalization of (90 ± 30) meV, which is in excellent agreement with gated device measurements on a similar sample [1] . Our observations reveal that it is insufficient to only consider rigid band shifts, and that strong dispersion changes can result from doping of SL TMDs.
The surprising doping-induced changes in ∆ SO are likely not directly related to the surface potential induced by the potassium deposition (through, e.g., the Rashba interaction) which is not expected to affect ∆ SO atK for SL TMDs. This rather introduces a splitting atΓ, which we do not observe [26, 27] . Furthermore, we can rule out any potassium induced structural symmetry breaking in our heterostructure, as only minor rigid binding energy shifts of the S 2p core levels of WS 2 and of the underlying h-BN π-band are observed after complete doping (see Supplementary Figures S4-S5 The linewidths of the VB A and CBM peaks exhibit a non-monotonic dependence with doping, which can not be described by simple scattering on ionized potassium impurities (see further discussion in Supplementary Section 4). Specifically, the observation that VB A renormalization coincides with occupation of the CBM suggests that the renormalization is caused by new scattering channels available upon occupation of the conduction band (CB).
Previous works utilizing surface potassium deposition for electron-doping of SL TMDs on conductive substrates [16] [17] [18] have shown no such changes in ∆ SO , where the Coulomb interactions are already strongly screened in the undoped case [9] . We believe that the The photohole binding energy is lowered and the VB A dispersion renormalizes with respect to the bare band (green dashed curve) by the trion binding energy ∆E ehh . c, A photohole generated in VB B in the doped situation undergoes a process that is analogous to the undoped situation in a due to the absence of strong trion interactions with photoholes in this band.
reduced dielectric constant of the h-BN substrate plays a key role for these observations as it leads to reduced screening of the many-body interactions in the bare SL WS 2 .
An alkali-atom-induced renormalization of the VB edge at K towards E F , observed in several bulk TMDs, has been attributed to the breaking of the outermost layers' degeneracy by the doping-induced field [25, 28] . This can either be a single-particle effect [28] or a combination of single-and many-body effects [25] , the latter of which suggests a negative electronic compressibility (NEC), the motion of the chemical potential µ towards the VBM, i.e. dµ/dN < 0.
In contrast, we observe distinctive effects in SL WS 2 /h-BN, namely 1) a renormalization of ∆ SO within the single layer, 2) an NEC in which |dµ/dN | is significantly larger than in the bulk [25, 28] , and 3) the VB A slope is discontinuous at k = (K,K ) ± ∼0.15Å
in Fig. 2(b) at high doping. This leads to kinks in VB A , exemplified by the arrow in Fig.   3 (e), which develop continuously in strength with doping in Figs. 3(a) -(e). Such kinks are common in ARPES when the created "photohole" interacts strongly with well-defined (in energy and/or momentum) excitations [15] .
As noted above, the band renormalization coincides with the occupation of the CB, suggesting that such excitations are associated with electron-hole (e-h) pairs near E F in the CB, induced in response to the VB hole created during photoemission. In the undoped situation sketched in Fig. 4 (a) such interactions are not possible. At high carrier densities where the CB is occupied an e-h excitation aroundK (orK ) can interact with the VB photohole, forming a positively charged, bound electron-hole-hole complex denoted as e c h c h v , where (c, v) denotes charges in the (CB,VB), respectively, as illustrated in Fig. 4(b) . Such a process would renormalize the bare band dispersion and lifetime of the VB states, broadening and shifting their spectra as observed.
These excitations may be compared to the The assignment of trions in optical measurements of semiconducting TMDs is currently being debated, as a recent theoretical study points towards the possibility of interactions between e-h pairs and the remaining charge density forming other types of quasiparticles such as exciton-polarons [30] . Our ARPES measurements provide direct evidence for such multi-component excitations in SL TMDs and gives access to both their energy and momen-tum dependence that is lacking from momentum-integrating transport, optical, or tunneling measurements. We envision further theoretical and experimental studies to disentangle such many-body effects in the spectral function of SL TMDs. The charge carrier dependent electronic band gap and spin-splitting that arise from these many-body effects will profoundly impact the charge-, spin-and valley-dependent dynamics and transport properties of devices, as well as the interpretation of excitonic effects. 2 ) ln(1 + e E−E F /k B T ), where the factors g v = 2 and g s = 2 take spinand valley-degeneracy into account, m * cb is the effective mass of the SL WS 2 CB obtained from Ref. [12] , k B is Boltzmann's constant, is the reduced Planck constant, T is the sample temperature and E − E F is determined from the fitted CBM position. The total energy and momentum resolution in the microARPES data were better than 20 meV and 0.01Å −1 , respectively. Measurements and dosing experiments were carried out at both 85 K and at 20 K, without any noticeable change in behavior between the two temperatures.
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